Guar (Cyamopsis tetragonoloba) is an important industrial crop. The knowledge about genes of guar involved 13 in various processes can help in developing improved varieties of this crop. qRT-PCR is a preferred technique 14 for accurate quantification of gene expression data. This technique requires the use of appropriate reference 15 genes from the crop to be studied. Such genes have not been yet identified in guar. The expression stabilities of 16 the 10 candidate reference genes, viz., CYP, ACT 11, TUA, TUB, ACT 7, UBQ 10, UBC 2, GAPDH and 17 18S rRNA were evaluated in various tissues of guar under normal and abiotic stress conditions. Four different 18 algorithms, geNorm, NormFinder, BestKeeper and ∆Ct approach, were used to assess the expression stabilities 19 and the results obtained were integrated into comprehensive stability rankings. The most stable reference genes 20 were found to be CYP and ACT 11(tissues), ACT 11, UBC 2 and ACT 7 (seed development), ACT 7 and TUB 21 (drought stress), TUA, UBC 2 and CYP (nitrogen stress), TUA and UBC 2 (cold stress), GAPDH and ACT 7 22 (heat stress) and GAPDH and EF-1a (salt stress). These results indicated the necessity of identifying a suitable 23 reference gene for each experimental condition. Four selected reference genes were validated by normalizing 24 the expression of CtMT1 gene. To the best of our knowledge this is the first report on the identification of 25 reference genes in guar. These findings are likely to provide a boost to the gene expression studies in this 26 important crop. 27 28 gene expression 29 30 31 33
Introduction
Total RNA isolation and synthesis of cDNA 141 Total RNA from a guar plant sample was isolated with HIMEDIA® RNA-XPress reagent according to the 142 protocol given by the manufacturer. The isolated RNA was given an RNase-free DNase I (Thermo scientific) 143 treatment following manufacturer's instructions to remove DNA contamination in the sample. The 144 concentration and purity of the isolated total RNA were determined using a DeNovix DS-11 spectrophotometer. 145 The RNA samples having the absorption ratios of A260/A280 = 1.9 to 2.08 and A260/A230 = 2.04 to 2.18 were 146 used for synthesis of cDNA. The quality of total RNA was verified by performing 1.5% agarose gel 147 electrophoresis. An aliquot of 1μg of a total RNA sample was used for first-strand cDNA synthesis using verso 148 cDNA synthesis kit (Thermo scientific) for the 20 μl reaction mixture following the manufacturer's protocol 149 with slight modification in the reverse transcription cycling program (1 cycle of 60 min at 42 °C and 2 min at 95 150 °C). program was set to 2 min at 50 °C, 10 min at 95 °C, and 15 s at 95 °C and 1 min at 60 °C (40 cycles) as 158 described in Sinha et al. (2015) . The melt curve was added in the above program to check the amplicon 159 specificity. The PCR efficiency (E) for each candidate reference gene was calculated from the slope of the 160 standard curve based on 10-fold serial dilution of pooled cDNA over five dilution points (Sinha et al. 2015) and 161 correlation coefficient (R 2 ) for each gene was also determined. For expression profiling of a candidate reference 162 gene, the reaction was performed in 3 biological and 2 technical replicates along with a no template control 163 (NTC). Analysis of the expression stability of reference genes 166 The expression stability of a selected reference gene was evaluated by the following four methods.
167
Stability analysis by qbase+ tool 168 The qbase+ tool is based on geNorm (Vandesompele et al. 2002) and qBase (Hellemans et al. 2007 ) 169 technologies. The average expression stability value (M) of a reference gene was determined by geNorm 170 analysis using qbase+ tool according to the instructions given in the qbase+ manual (www.qbaseplus.com).
171
According to the geNorm analysis, the most stable reference gene is the one having the lowest M-value. The 172 geNorm analysis also calculates pair-wise variation (Vn/n+1) and determines the number of reference genes 173 required for normalizing the gene expression data. Vn/n+1 ratio below 0.15 suggests that the use of an 174 additional reference gene would not significantly improve normalization (Vandesompele et al. 2002) .
175

Stability analysis by NormFinder tool 176
The NormFinder is an algorithm for identifying suitable reference genes for normalization on the basis of 177 stability value (SV) (Andersen et al. 2004 ). The SV for each candidate reference gene was determined following 178 the software guidelines (https://moma.dk/normfinder-software). As per the NormFinder analysis, the candidate 179 reference gene having the lowest SV is the most stable reference gene.
180
Stability analysis by BestKeeper tool 181
The stability analysis of a candidate reference gene was performed according to the instructions of the 182 BestKeeper tool (www.gene-quantification.com/bestkeeper.html). The BestKeeper tool ranks the stabilities of 183 candidate reference genes on the basis of standard deviation (SD) and coefficient of variation (CV) values of the 184 studied genes (Pfaffl et al. 2004) . The most stable reference gene is the one having lowest SD value. 185 ∆Ct approach 186 The expression stability of a candidate reference gene was determined by calculating the ΔCt value and 187 standard deviation (StdDev) as described in Silver et al. (2006) and Jian et al. (2008) . As per the analysis, the 188 candidate reference gene having the lowest mean standard deviation is the most stable reference gene.
189
Comprehensive ranking 190 The comprehensive ranking of expression stability of a candidate reference gene was determined by calculating 191 the geometric mean of four types of rankings obtained from geNorm, NormFinder, BestKeeper and ∆Ct 192 approach according to the RefFinder approach (Stajner et al. 2013 ) as described in Xiao et al. (2015 .
193
Validation of selected reference genes 194 The selected reference genes in different tissues and under drought stress condition were validated by using (least stable gene) were used for normalization. qRT-PCR reaction was performed same as that of described 199 earlier in material and method section. The relative changes in CtMT1 expression levels were calculated by Figure S1 ) and its length matched with amplicon size of the selected fragment of corresponding gene as given in 208 Table 1 . The sequence of this amplified product was also identical with the corresponding guar gene sequence 209 (data not shown). This confirmed that the primer pair amplified a unique cDNA fragment corresponding to the 210 selected candidate reference gene. The PCR efficiencies (E) and the correlation coefficients (R 2 ) for the 10 211 candidate reference genes ranged from 95.91 to 103.53 and 0.998 to 1.000, respectively (Table 1) . These results The expression profiles of 10 candidate reference genes, viz., CYP, ACT 11, TUA, TUB, ACT 7, UBQ 217 10, UBC 2, GAPDH and 18S rRNA in different samples of guar have been presented in Figure 1 . The expression 218 level of each candidate reference gene in a sample has been represented as a quantification cycle value (Cq).
219
The Cq values of the 10 candidate reference genes in various samples were in a range of 7.64 to 33.19 ( Figure 1   220 and Supplementary Table S1 ). The mean Cq values of reference genes varied from 10.86 for 18S rRNA to 28.85 221 for UBQ10 ( Supplementary Table S1 ). The range of Cq values for a gene represents the variation in the 222 expression of this gene in 66 samples. The Cq values showed a low variation for the genes UBC 2, ACT 7, ACT 223 11, CYP and TUA which indicated that there was a low variation in the expression of these genes in different The results of expression stabilities of the selected candidate reference genes in different tissues at various 230 growth stages and under different abiotic stresses, as determined by four algorithms have been given below. The average expression stability rankings of the 10 candidate reference genes in seven experimental sets by 236 geNorm analysis have been given in Figure 2 and Supplementary Table S2 . According to the geNorm analysis 237 by qbase+ software, the gene(s) having the lowest M-value is most stable and the gene(s) having the highest M-238 value is least stable. The M-value of each of the 10 candidate reference genes was less than the 1.5 cut-off value lowest M value in the salt stress set (M = 0.378) was observed for the ACT 7 and EF-1α genes and hence these 245 were the most stable reference genes in this set. The TUB gene was found to be least stable in tissue set. In seed 246 development, nitrogen and cold stress sets, the least stable genes were TUA, UBQ 10 and ACT 7, respectively.
247
The 18S rRNA was the least stable gene in drought, heat and salt stress sets.
248
The results of pairwise variation (V) in seven experimental sets by geNorm analysis have been given in 249 Figure 3 . According to geNorm principle, the Vn/n+1 value less than 0.15 suggests that one more reference 250 gene is not required (Vandesompele et al. 2002) . The V 2/3 values for tissue, drought stress, cold stress, heat 251 stress and salinity stress sets were 0.035, 0.117, 0.063, 0.046 and 0.115, respectively, indicating that the two 252 most stable reference genes are enough for reliable normalization in each of these experimental sets and a third 253 reference gene is not required. For seed development and nitrogen stress sets, V3/4 values were 0.124 and 254 0.127, respectively. Hence, three most stable reference genes are sufficient in these sets.
256
NormFinder analysis 257 The stability values (SVs) obtained from the NormFinder analysis of the expression of 10 candidate reference 258 genes in seven experimental sets are presented in Figure 4 and Supplementary Table S3 . According to 259 NormFinder software rule, the gene having the lowest SV is the most stable one for qRT-PCR. In the tissue set, 260 the lowest SV (0.005) was observed for the ACT 7 and ACT 11 genes and hence these genes were most stable in 261 this set. The ACT 11 gene having the lowest SV (0.001) was the most stably expressed reference gene in seed 262 development set. In the drought stress set, TUB and ACT 7 genes had the lowest SV (0.001) and hence both 263 these genes were the most stably expressed gene in drought stress condition. In the nitrogen stress set, the 264 lowest SV (0.013) was observed for the TUA gene and hence this gene was most stable in this set whereas TUA 265 and CYP genes were the most stably expressed reference genes in cold stress set. UBC 2 and GAPDH genes 266 9 were the most stable reference genes in heat stress set and salt stress set, respectively. The 18S rRNA was the 267 least stable gene in all the experimental sets ( Figure 4 ).
269
BestKeeper analysis 270 The standard deviation (SD) values obtained from the BestKeeper analysis of the expression of 10 candidate 271 reference genes in seven experimental sets are presented in Figure 5 and Supplementary Table S4 . According to 272 the BestKeeper software rule, the candidate reference gene having the lowest SD value is the most stable 273 reference gene. The presented data showed that the UBC 2 gene expressed most stably in tissue set and drought 274 stress set whereas the CYP gene was the most stable reference gene in seed development set. The ACT 11 gene 275 had the most stable expression in nitrogen stress set and TUA gene was the most stable reference gene in cold, 276 heat and salt stress sets. ( Figure 5 ).
278
ΔCt analysis 279 The comparisons of the all possible combinations of the 10 reference genes in the seven experimental sets by 280 ΔCt approach have been given in Supplementary Table S5 to S11. According to the ΔCt approach, a candidate 281 reference gene having the lowest mean StdDev value is the most stable reference gene (Jian et al. 2008) . Hence, 282 the 18S rRNA gene having the lowest mean StdDev value 0.32 in tissue set was the most stably expressed 283 reference gene and the TUB having the highest mean StdDev value 0.53 was the least stable reference gene in 284 this set (Table 2 and Supplementary Table S5 ). In seed development set, ACT 11 was the most stable gene 285 (mean StdDev, 0.72) and UBQ 10 was the least stable gene (mean StdDev, 1.42) ( Table 2 and Supplementary   286   Table S6 ). The ACT 7 (mean StdDev, 0.73) and 18S rRNA (mean StdDev, 1.50) genes were the most stable and 287 least stable genes, respectively in drought stress set (Table 2 and Supplementary Table S7 ). The TUA (mean 288 StdDev, 0.74) gene was the most stable gene in nitrogen set (Table 2 and Supplementary Table S8 ). The 289 GAPDH (mean StdDev, 0.38) and TUA (mean StdDev, 0.38) genes were the most stable genes in cold stress set 290 (Table 2 and Supplementary Table S9 ). The most stable gene in heat stress set was GAPDH (mean StdDev, 291 0.34) ( Table 2 and Supplementary Table S10 ). GAPDH and EF-1α genes had the lowest mean StdDev (0.83) 292 and were hence the most stably expressed genes in salt stress set. In this set 18S rRNA gene having the highest 293 mean StdDev (1.90) was the least stable reference gene (Table 2 and Supplementary Table S11 ).
295
Comprehensive ranking of expression stability 296 As described in the Materials and methods, the comprehensive ranking of the expression stabilities of 10 297 candidate reference genes was done by the RefFinder approach (Stajner et al. 2013 ). The Table 3 shows the 298 comprehensive ranking of gene expression stabilities for 10 reference genes. The CYP gene ranked first and 299 ACT 11 gene ranked second in the tissue set, indicating that these two genes were the most stably expressed 300 reference genes in this set. In seed development set, ACT 11, UBC 2 and ACT 7 genes being the first, second 301 and third ranked genes, were the most stable reference genes. The ACT 7 gene ranked first and the TUB gene 302 ranked second in the drought stress set indicating that these genes had the most stable expression in this set. In 303 nitrogen stress set, the TUA gene ranked first and, the UBC 2 and CYP ranked second. Hence, these three genes 304 were the most stably expressed reference genes under nitrogen stress condition. The TUA and UBC 2 genes 305 ranked first and second, respectively, in stability of expression in cold stress set. In heat stress set, GAPDH and 306 ACT 7 genes were on the first and second rank. GAPDH and EF-1α, the first and second ranked genes in salt 307 stress set, were the most stable reference genes under this condition. The least stable reference gene in tissue 308 and cold stress sets was TUB gene whereas TUA and EF-1α genes were the least stable genes in seed 309 development and nitrogen stress sets, respectively. The 18S rRNA gene was the least stable reference gene in 310 drought, heat and salt stress sets.
312
Validation of selected reference genes in different tissues 313 The relative expression levels of CtMT1 in different tissues of guar using most stable and least stable genes for 314 normalization have been presented in Figure 6a . When most stable reference gene, CYP or ACT 11, was used 315 for normalization, the CtMT1 gene was found to express at very low level in young leaves (YL) and mature 316 leaves (ML) whereas its higher expression pattern was observed in young root (YR) and mature root (MR).
317
However, when the least stable reference gene, TUB was used, the relative expression level of CtMT1 gene was 318 found to be high in YL and ML, and abnormally high in YR and MR. 319 320 Validation of selected reference genes during drought stress condition 321 The relative expression levels of CtMT1 gene in leaves and roots of guar under drought stress condition 322 using most stable and least stable genes for normalization have been presented in Figure 6b . In leaves, when 323 most stable reference genes ACT 7 and TUB were used, CtMT1 showed upregulation up to 5.29 fold and 6.47 when the most stable reference gene, ACT 7 or TUB was used for normalization, however the level of 332 upregulation was higher in leaves as compared to that in roots. Guar is an important industrial crop and as a result of its increased demand there is a need to develop its 336 improved varieties having more stress tolerance and producing increased amounts of high quality gum. The 337 knowledge about the genes involved in development/growth, stress tolerance and seed/gum production will be 338 very helpful to develop improved varieties of guar. Gene expression analysis is an appropriate approach to 339 identify the genes and understand their functions and regulation in various important processes of guar crop.
340
The qRT-PCR technique, which is often used to study gene expression, requires the use of a reference gene(s) 341 for normalization. The present study is the first report on the selection of suitable reference genes of guar for 342 gene expression studies in different tissues at various growth stages, seed development and different abiotic 343 stress conditions. 344 Ten house-keeping genes, viz., CYP, ACT 11, TUA, TUB, ACT 7, UBQ 10, UBC 2, GAPDH and 345 18S rRNA were selected for gene expression studies in various tissues of guar under different experimental 346 conditions. In order to select the most suitable reference gene(s) in an experimental set, four different methods, 347 viz., geNorm analysis, NormFinder analysis, BestKeeper analysis and ∆Ct approach, were used. Our results 348 showed that the rankings obtained from these four methods were not generally identical. Hence, for this study, a 349 most stable reference gene was selected on the basis of comprehensive ranking. Similar approach has also been 350 reported in Salicornia europaea by Xiao et al. (2015) and in chickpea by Reddy et al. (2016) . 351 Our study indicated that CYP and ACT 11 genes were found to be most suitable reference genes for 352 accurate normalization of the gene expression data in various tissues of guar under normal conditions. In the 353 earlier studies, the CYP gene was also found to be a suitable reference gene for qRT-PCR normalization in Guar is normally cultivated in marginal soils where drought, salt, temperature and nutrient stresses are 363 very common. qRT-PCR gene expression studies under these abiotic stress conditions in guar can help in 364 undermining the molecular mechanisms of tolerance to these stresses. Our investigations revealed that ACT 7 365 and TUB genes were most suitable as a reference for accurate normalization of the gene expression data under 366 12 drought stress in guar. The TUB gene was also earlier found to be the most suitable reference gene under 
374
Guar, being a legume crop, is able to fulfill its nitrogen requirement through biological nitrogen fixation.
375
However, this crop usually encounters nitrogen deficiency during the initial stages of crop growth when 376 nitrogen fixing nodules have not been fully developed. Thus, it is important to study the mechanism of nitrogen 377 uptake in guar seedlings. Gene expression studies under nitrogen stress have not been carried out yet in guar, 378 due to unavailability of a suitable reference gene(s). Our study has revealed that TUA, UBC 2 and CYP genes 379 were the most suitable reference genes in guar under nitrogen stress condition. TUA gene was also found to 380 express stably in Salicornia europaea under nitrogen stress treatment (Xiao et al. 2015) . Our findings are likely 381 to facilitate the research initiatives to determine the genes expressing under nitrogen stress in guar.
382
In the earlier studies, GAPDH and ACT 7 genes were found to be suitable reference genes for qRT-PCR 383 normalization under heat stress condition in Brachypodium distachyon (Hong et al. 2008) . In heat stress studies, 384 the GAPDH gene was also found to be the most suitable reference gene in pigeonpea (Sinha et al. 2015) and were the most suitable reference genes for normalizing the gene expression data in guar under heat stress 389 condition. Our findings are expected to help in the identification of genes involved in heat tolerance in guar.
390
Guar is generally cultivated in soils which have elevated salt levels. Though guar is moderately tolerant 391 to salinity but its productivity is reduced under high salt stress conditions. Our studies showed that GAPDH and 392 EF-1a genes were the suitable reference genes for gene expression studies in guar under salt stress condition. In 393 the previous studies on salinity stress, the GAPDH gene was found to be most suitable reference gene in In Northern India and Pakistan, guar is mainly cultivated once in a year by sowing in the month of July.
401
It can also be cultivated for second time in a year by sowing at the end of winter in the month of 402 February/March. For this purpose, guar varieties that can tolerate cold during initial stages of growth will be 403 required. Our study showed that TUA and UBC 2 genes were most suitable as a reference for accurate 404 normalization of the gene expression data under cold stress condition in guar. In the previous reports, TUA and 405 UBC 2 genes were found to be most suitable reference genes under cold stress study in Salicornia europaea 
411
The TUB gene in our study was the unsuitable reference gene in tissue set and cold stress set whereas 412 TUA and EF-1α genes were the most unsuitable reference genes in seed development and nitrogen stress sets, 413 respectively. The 18S rRNA was the most unsuitable reference gene in drought, heat and salt stress sets.
414
The validation of four selected reference genes was done by normalizing the expression of CtMT1 gene 415 which plays an important role in plant development and stress response. The results obtained with the most 416 stable reference gene were found to be in agreement to the results of the expression of CtMT1 gene in the 417 tissues of other plants, however, the results using the least stable reference genes were contradictory to the 418 findings of previous workers (Hudspeth et al.1996; Yang et al. 2009; Ahn et al. 2012; Yang et al. 2015) .
419
The above discussion shows that our results are in line with those of the previous studies that no single 420 gene is a suitable reference gene under different conditions in different plant species. Therefore, it is imperative 421 to select a suitable reference gene for normalizing the qRT-PCR gene expression data in a particular species for 422 each experimental condition. Our findings of suitable reference genes for various conditions in guar are 423 expected to provide a boost to the gene expression studies in this crop. Such studies will considerably improve 424 our understanding of the molecular mechanisms of stress tolerance and gum synthesis in guar and will be 425 helpful in developing improved varieties of this industrially important crop. 
